Estrogen receptors are historically perceived as nuclear ligand activated transcription factors. An estrogen receptor has now been found localized to the plasma membrane of human myeloblastic leukemia cells (HL-60). Its expression occurs throughout the cell cycle, progressively increasing as cells mature from G 1 to S to G 2 /M. To ascertain that the receptor functioned, the effect of ligands, including a non-internalizable estradiol-BSA conjugate and tamoxifen, an antagonist of nuclear estrogen receptor function, were tested. The ligands caused activation of the ERK MAPK pathway. They also modulated the effect of retinoic acid, an inducer of MAPK dependent terminal differentiation along the myeloid lineage in these cells. In particular the ligands inhibited retinoic acid-induced inducible oxidative metabolism, a functional marker of terminal myeloid cell differentiation. To a lesser degree they also diminished retinoic acid-induced earlier markers of cell differentiation, namely CD38 and CD11b. However, they did not regulate retinoic acid-induced G 0 cell cycle arrest. There is thus a membrane localized estrogen receptor in HL-60 myeloblastic leukemia cells that can cause ERK activation and modulates the response of these cells to retinoic acid, indicating cross-talk between the membrane estrogen and retinoic acid evoked pathways relevant to propulsion of cell differentiation.
INTRODUCTION
Estrogen is an agonist for the nuclear ligand activated transcription factor, estrogen receptor. The estrogen receptors (ER) belong to the steroid-thyroid hormone super family of nuclear receptors. However, it has long been known that there are also membrane localized estrogen receptors [1] . Recognition of non-nuclear ER effects in mammalian cells is still emerging, and different aspects have been reported in a variety of cells [2] [3] [4] [5] . However, a notable exception is hematopoietic cells. For example, evidence of a membrane estrogen receptor (mER) has more recently been discovered in cells from estrogen responsive tissue. In particular, MCF-7 breast carcinoma cells express mER that can cause rapid MAPK signaling [6, 7] . In another instance, namely neuronal cells, mER can also cause signaling, activating PKC and PKA to activate inwardly rectifying K+ channels [8] . Furthermore mER, in particular of the form ERα have been observed to dimerize in human umbilical vein endothelial cells (HUVEC), and dimerization is a frequent feature of membrane receptor signaling. In this case MAPK signaling was elicited. In addition to MAPK, PI3-K and also PKC pathways have been suggested in mER signaling [9] . In another study of MCF-7 cells, the mERα has been found to complex with the IGF receptor and mediate its signaling [10, 11] . Crosstalk between mER and other membrane growth factor receptors thus exists, and mER driven MAPK, PI3-K and PKC pathways have been implicated in the crosstalk [12, 13] . There is thus a precedent for a mER that signals in mammalian cells in addition to the historically dominant paradigm of a nuclear steroid receptor for estrogen. Three potential mER candidates have in fact been indicated in different cellular scenarios, ERα, ERβ, and GPR30 (G-protein coupled) [3] [4] [5] . There is thus motivation for ascertaining mER expression and its potential functions. Given its reported occurrence in different physiological contexts, interest in a potential role of mER in regulating cell proliferation and differentiation might be anticipated.
Retinoic acid (RA) is a ligand for RAR, another member of the steroid thyroid hormone super family, and its isomerization product, 9-cis-RA, is also a RXR ligand. RA is a developmental morphogen that regulates cell differentiation and cell cycle arrest in G 0 . In HL-60 myeloblastic leukemia cells, RA is known to cause the expression of several cell surface receptors that signal through the RAF/MEK/ERK axis of MAPK signaling to cause up-regulation of a series of progressively appearing cell differentiation markers culminating in terminal cell differentiation associated with p21 CDKI up-regulation, inhibition of cyclin D1 and cell cycle arrest [14] . Significantly, the MAPK signal is not the transient signal characteristic of mitogenic MAPK signaling, but is a durable protracted signal which must be sustained to elicit differentiation. In HL-60 cells estradiol at low doses stimulated proliferation but at high doses inhibited proliferation, an effect curiously similar to that known for retinoic acid [15] . Crosstalk between RA and ER has also been demonstrated at the nuclear level, where for instance overlapping RARE and ERE occur as for the lactoferrin gene [16] . However, the involvement of MAPK signaling for both estrogen and retinoic acid, as well as the curious dose-dependent effects of estrogen and the existence of membrane ERs, suggests the possibility of non-nuclear crosstalk. In particular if it exists, a mER in HL-60 cells may signal through the MAPK pathway and affect RA-induced signaling and downstream effects on cell differentiation. Such an occurrence would indicate a novel function of estrogen in regulating the effects of RA.
The present report shows that a membrane bound estrogen receptor exists in HL-60 human myeloblastic cells and that its occurrence is of functional significance in eliciting ERK activation and regulating the cellular differentiation induced by RA. The expression of membrane localized ER occurred in G 1 , S and G 2 cells at progressively increasing levels as cells progressed through the cell cycle. It was slowly down regulated by RA without apparent cell cycle specificity. A non-internalizable estradiol conjugated to BSA stimulated ERK activation and modulated the effects of RA, inhibiting the occurrence of late stage functional differentiation, but to a much lesser degree earlier stages of RA-induced differentiation. In contrast RA-induced G 0 arrest was not affected, suggesting that the membrane ER signal affected RA-induced phenotypic conversion, but not cell cycle arrest. Interestingly, tamoxifen, an ER ligand and antagonist for its nuclear/transcriptional effects, had similar effects.
MATERIALS AND METHODS

Cells and Culture Conditions
HL-60 human leukemia cells were grown in RPMI-1640 medium supplemented with 5% heat inactivated fetal bovine serum in a humidified incubator of 5% CO 2 , as previously described [14, 17] . Cell cultures were re-cultured at a density of 0.2 million cells/ml for 48 hours of growth or 0.1 million cells/ml for 72 hours of growth. Both were grown to 1 million cells/ml. Cultures were maintained in a state of continual exponential growth at a volume of 10 ml in a T25 flask or 30 ml in a T75 flask.
Experimental cell cultures were created by passing exponentially growing cells at a density of 0.2 million cells/ml. At the time of reculturing, the medium was supplemented with 320 µl of β-Estradiol 6-(O-carboxymethyl)oxime: BSA (E 2 -BSA) diluted to 7.19 ×10 −7 M of Estradiol in sterile PBS or 7.5 µl Tamoxifen at 10 mM in ethanol. Cell with estradiol, Tamoxifen, and a control group treated with vehicle only were set up both with and without 2 µl of 5 × 10 −3 M Retinoic Acid in ethanol into 10 ml of cell culture. In order to asses the nuclear translocation of ERα upon unconjugated estradiol administration, the nuclei were isolated with a citrate hypotonic solution as previously described [14, 17] followed by lysis of the nuclei with RIPA buffer, centrifugation for 20 minutes at 12000g, and Western bloting using a rabbit ERα antibody kindly provided by Dr W Lee Kraus, Cornell University.
Quantification of Differentiation by DCF
Functional differentiation measured by the occurrence of inducible oxidative metabolism was assayed by flow cytometry as previously described [14, 17] . 5-(and-6)-chloromethyl-2',7'-dichlorodihydro-fluorescein diacetate, acetyl ester (CM-H 2 DCFDA) from Invitrogen® (Carlsbad, CA) was suspended in DMSO at 2.9 µg/µl. When combined with TPA (12-Otetradecanoylphorbol-13-acetate) in DMSO, each used with a treatment of 1 µl/ml PBS for a final concentration of 5 µM DCF and 0.2 µg/ml TPA, the DCF measures the reactive oxygen species (ROS) induced by TPA as an indicator of inducible cellular ROS expression and thus of differentiation. Standard harvesting protocol was followed with all treatments at 48 hours and then samples were incubated in 200 µl of the PBS + DCF + TPA mixture for 20 minutes. The relative fluorescence resulting from the oxidized DCF was measured immediately by flow cytometry in the same manner as in the above protocol using 488 nm excitation with emission collected through a 505 nm long pass dichroic mirror and a 530/30 nm band pass filter masking the photomultiplier.
Quantification of Differentiation by CD11b and CD38 Markers
Expression of cell surface differentiation markers was measured by flow cytometry as previously described [14, 17, 18] . Antibodies against CD11b/Mac-1 and CD38 cell surface differentiation markers were obtained from BD Pharmingen and added separately to half a million treated cells at a concentration of 5 µl/ml. The anti-CD11b and anti-CD38 antibodies are APC-conjugated and PE-conjugated respectively.
APC fluorescence is excited at 633 nm and collected with a 660/20 band pass filter. PE fluorescence is excited at 488 nm and collected with a 576/26 band pass filter. Standard harvesting protocol was followed and then the samples were incubated in the anti-CD11b stain for 1 hour and the anti-CD38 stain for 45 minutes, both at 37°C. Samples were harvested at 48 hours for CD11b live-staining and at 12 hours for CD38 live-staining.
Quantification of ERK
ERK activation was measured by flow cytometry as previously described [14, 17] . The flow cytometric assay was validated and corroborated by Western analysis as previously reported [18] . Anti-Phospho-p44/42 MAPK antibody conjugated to APC was obtained from Cell Signaling (Boston, MA) and used at a ratio of 5 µl anti-phospho-MAPK into 200 µl PBS. Cells were harvested by centrifugation to a pellet, fixed in 2% paraformaldehyde and then permeabilized in 90% cold (−20°C) methanol for 1 hour. They were then washed 2 times in PBS and then incubated for 1 hour in the phospho-MAPK antibody solution at room temperature, shielded from light. Relative ERK levels were measured by flow cytometry (LSRII, Becton Dickinson, Mountainview, CA) using the APC channel, where the cells are excited at 488 nm with emission collected through a 610/20 nm band pass filter.
Quantification of DNA with Propidium Iodide Staining
Cell cycle analysis was performed by hypotonic propidium iodide (PI) staining and flow cytometry as previously described [14, 17, 18] . PI staining solution was prepared as 25 mg Propidium Iodide, 500 mg NaCitrate, 500 µl Triton-X100 and 500 ml ddH 2 0. Cells harvested by centrifugation were resuspended in 0.5 ml of PI. Relative DNA content of G 1 :S:G 2 cells was measured by flow cytometry using 488 nm and the PE emission collection channel.
Microscopy
Cells were harvested and stained with BSA-FITC and E 2 -BSA-FITC exactly as stated in the protocol for flow cytometry. Cells were placed onto a covered slide and visualized using the green excitation filter of the fluorescence microscope (Olympus BX 41, Tokyo, Japan) at a magnification of 10x and 40x, respectively.
Statistical Analysis
Statistical Analyses were performed using SPSS 11.0 for Windows, Student Edition. Data was obtained by gating set at the highest 5% of control cells and recording the percent of cells with a positive signal exceeding the gate in each successive treatment group. PI data was analyzed from the percent of cells in G 1 as determined by DNA histograms using BD FacsDiva software. Each treatment group was then compared to the control using a Paired-Sample T Test. All other analyses were performed utilizing the One-Sample T Test. Relative membrane estrogen receptor FITC staining was measured by the mean flow cytometric FITC signal for each treatment group, expressed as a percentage of the control. A p value of < 0.05 was considered significant.
RESULTS
Membrane Estrogen Receptor
Membrane localized estrogen receptors can be detected on the plasma membrane. Viable HL-60 human myeloblastic leukemia cells were stained with β-estradiol conjugated to bovine serum albumin with covalently linked fluoresceinisothiocyanate (E 2 -BSA-FITC). The E 2 -BSA-FITC binds estrogen receptors but can not be internalized [13, 19] . E 2 -BSA-FITC staining correlates with antibody staining, but it has the advantage that E 2 -BSA is an mER agonist that causes receptor activation and hence can be used to stimulate receptor activation and study function. The stained cells were visualized using fluorescence microscopy. Figure 1 shows the fluorescent cells. The staining circumscribes the cell. Control cells stained with BSA-FITC showed no staining. Treated cells with free E 2 caused increased in nuclear ERα compared to untreated controls, as expected for E 2 -induced nuclear translocalization (Figure 2) . The E 2 -BSA-FITC staining was quantified by flow cytometry. Treating cells with retinoic acid (RA), an inducer of myeloid terminal differentiation and G 0 cell cycle arrest of these cells [14, 17] , caused a small reduction in mER expression by 48 hours as shown in Figure 3 . The expression of the membrane ER is not restricted to any specific cell cycle phase. Cells were dual stained for the membrane ER using E 2 -BSA-FITC and for nuclear DNA using DAPI. Flow cytometry was used to analyze membrane ER expression for cells in the G 1 , S and G 2 /M phases based on DNA content. The membrane ER expression of cells in G 1 , S, or G 2 /M identified by DAPI staining was thus determined. Figure 4 shows the results for expression in S and G 2 /M normalized to G 1 expression level to monitor change associated with cell cycle progression. The expression of membrane ER increases with progression through the cell cycle as cells transit from G 1 to S to G 2 /M. mER thus appears to be constitutively expressed during the cell cycle without phase specific expression. This is not grossly modified by treatment with RA, where by 72 hours of treatment the population is largely G 0 with few remaining S and G 2 /M cells. As we have reported, populations of RA-treated HL-60 cells first exhibit evidence of functional differentiation at approximately 48 hours, and the whole population is essentially differentiated in G 0 by 72 -96 hours [14, 17] .
ERK Activation
To provide evidence of a signaling function for the putative membrane ER, the effect of E 2 -BSA on ERK activation was determined. We wished in particular to confirm that the apparent mER detected with labeled agonist was just not a decoration but competent to signal as expected if a receptor was activated. Cells were thus treated with the agonist and then analyzed for activation of the ERK MAPK. Activated ERK was detected by enhanced occurrence of T(203) EY(205) dual phosphorylation using flow cytometry, which as reported previously correlates well with Western blotting with the same phospho-specific antibody [14, 17, 18] . Agonist induced ERK activation is reported as the percentage of cells expressing activated ERK exceeding the basal expression in 95% of untreated control cells. The results are shown in Figure 5 . As reported previously, RA induced enhanced ERK activation [14, 17, [20] [21] [22] . E 2 -BSA induced almost the same response as RA and with kinetics previously reported upon activation of mER: ERK activation has a peak at a later time point [23] , that in HL-60 mirrors the RA induced ERK activation. But the combination of E 2 -BSA and RA did not further increase ERK activation. Using Tamoxifen as a ligand instead of E 2 -BSA gave similar results as with E 2 -BSA. Tamoxifen also induced enhanced ERK activation, and the combination of RA and Tamoxifen also produced only a modest enhancement over only Tamoxifen, although significantly increased over just RA. Tamoxifen is an ER ligand that inhibits the nuclear transcriptional effects of classical ER function; but as for other ER antagonists, can have opposite effects for the non-classical membrane ER effects [24] . Ligand activation of the membrane ER with E 2 -BSA, which is membrane impermeable, or Tamoxifen, which inhibits nuclear ER function, thus caused ERK activation. The enhanced ERK activation level compared to basal levels in untreated controls was not apparent at 6 hour -or earlier (data not shown) -but was evident by 48 hours. At 24 hours there were intermediate responses (data not shown). The ligands thus evoked slow manifestation of a durable ERK activation. This is in contrast to the rapid and transient signaling response that has hitherto largely been attributed to the membrane ERs observed so far, suggesting yet another mechanism of mER signaling may exist other than rapid direct interaction. The durable MAPK signal is consistent with potential involvement in differentiation where durable MAPK signals have been construed to drive differentiation in a variety of cases [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The durable signal is thus functionally different from the transient MAPK signal that is the classical mitogenic signal. Hence in this context the slow, long MAPK signal emerging from the membrane ER agonists may affect cell differentiation. In these cells, RA-induced differentiation is known to depend on MAPK signaling [14, 17, [20] [21] [22] .
Modulation of Cell Differentiation
To determine if the putative membrane ER signal affected RA-induced terminal differentiation, the effect of E 2 -BSA on RA-induced differentiation and G 0 arrest was also ascertained. The effect of Tamoxifen was also tested. Ligand binding diminished RA-induced terminal differentiation assayed by the occurrence of functional differentiation characterized by inducible oxidative metabolism. Cells were treated or not with RA plus or minus E 2 -BSA. Functional differentiation was measured after 48 hours using flow cytometry. Figure 6 shows the results. Cells treated with RA underwent significant differentiation typical of these HL-60 cells, where by 72 to 96 hours essentially the whole population is typically converted [14, 17, [20] [21] [22] . E 2 -BSA did not induce terminal differentiation, but slightly diminished RA-induced differentiation. Tamoxifen had similar but more pronounced effects inhibiting RA-induced functional differentiation. Looking at the RA-induced expression of earlier cell surface markers of phenotypic conversion, namely the CD38 ectoenzyme receptor (shown in Figure 7 ) and the CD11b component of integrin receptor (shown in Figure 8 ), indicated that effects on earlier differentiation markers occurred to a much lesser degree. E 2 -BSA also had no significant effect on G 0 arrest in RA untreated or treated cells by 48 hours, when RA-induced G 0 arrest is first clearly evident (as shown in Figure 9 ), or later (data not shown). Surprisingly, the membrane ER signal thus appears to interfere with the late portion of the RA-induced progression of differentiation to mature myeloid cells, in particular the occurrence of functional differentiation for inducible oxidative metabolism.
DISCUSSION
A membrane ER has thus been found on a cultured hematopoietic cell that can give rise to MAPK signaling and can regulate the RA-induced differentiation of these cells. Glucocorticoid receptor (GR), another member of the steroid-thyroid hormone nuclear receptor super family, was reported to be present on the plasma membrane in leukemia and lymphoma cells [36] and to also have a higher expression towards the S-G 2 /M phase of the cell cycle, as we report here for mER [37] . In contrast with membrane GR which predisposes the cells to lysis [38] , the membrane ER and RA pathways appear to cross talk and not affect cell viability. In HL-60 myeloblastic leukemia cells, RA is known to regulate the expression of several membrane receptors. These include CD38 [39] , BLR1/CXCR [14, 40] , FcγRII [41] , and c-FMS [42, 43] .
In each case increased expression of the receptor caused enhanced MAPK signaling and enhanced cellular differentiation in response to RA, as well as 1,25-dihydroxyvitamin D3. This suggests that these receptors cooperate to create the durable MAPK signal needed to elicit differentiation [14, 17, [20] [21] [22] . By contrast the PDGFR, a classical MAPK signaling receptor, could differentially, namely positively or negatively, regulate different features of RA-induced phenotypic conversion, suggesting that not all receptor originated MAPK signal would coherently contribute to the same signaling pathway to drive differentiation [17] . In particular it suggested that there might be some receptor originated MAPK signals that could negatively affect aspects of RA-induced differentiation. The present results give support to this showing that the membrane ER is an example of a receptor that contributes a MAPK signal, but does not enhance RA-induced differentiation. This has potential clinical-translational implications for treatment of leukemia showing that although tamoxifen and retinoic acid have synergistic role on human breast cancer cells, this is not the case on leukemic cells. RA has also been shown to regulate the expression of certain adaptor molecules known to regulate MAPK signaling, in particular Dok1 and 2 [44] , SLP-76 [45] , and c-CBL [46] . In the case of SLP-76 we have shown that it specifically complexes with c-FMS to cooperatively drive ERK activation and enhance RA-induced differentiation. In contrast we found that c-CBL complexed with CD38 and promoted RA-induced differentiation. The enigma of the potentially divergent effects of different receptor originated MAPK signals may thus reflect the effects of different adaptor molecules specific for different receptors that guide the signaling of each complex. This motivates future experiments to resolve the different complexes involved. Regardless of how this is resolved, the present results make the significant demonstration that the membrane ER contributes a MAPK signal that does not contribute propulsion to RAinduced differentiation, and is inhibitory if anything. It is thus functioning in contrast to CD38, BLR1, FcγRII and c-FMS, for example, in directing cell differentiation. Western blot analysis of nuclear estrogen receptor á translocation upon estrogen stimulation. Histone H3 was used as loading control. E 2 caused the expected increase in nuclear ERα compared to the control. Figure 3a. Effect of RA on membrane estrogen receptor (mER) expression. mER expression in RA-treated cells 6 hours after treatment changes very little from the control, with an average increase of only 3%. By 48 hours after RA treatment, expression was reduced* to only 75% of the control mER. * = p < 0.05. Legend: C: Control; RA: Retinoic Acid; Figure 3b . From 6 to 48 hours, the mER expression in RA-treated cells has diminished farther below the control expression (see Fig. 2 ) and decreased over time as well. From 6 to 48 hours, mER expression has decreased by an average of 16%. Legend: C: Control; RA: Retinoic Acid; Effect of E 2 -BSA on RA-induced functional differentiation characterized by inducible oxidative metabolism. The inducible ROS production measured by the TPA inducible DCF fluorescence (compared to TPA untreated control) in all treatment groups decreased from RAtreated cells to RA + E2 treatment by 10% and to RA + Tamoxifen treatment by 30%. RA + Tamoxifen treatment was significantly increased* from the controls and decreased § from the RA-treated cells. * = p < 0.05. § = p< 0.01. Legend: C: Control; RA: Retinoic Acid; C + E: E 2 -BSA; RA + E: Retinoic Acid + E 2 -BSA; C + T: Tamoxifen; RA + T: Retinoic Acid + Tamoxifen. Effect of E 2 -BSA on RA-induced CD38 expression. CD38 expression decreases in RA-treated cells with the addition of E 2 by 4%, and decreases even farther with the addition of Tamoxifen by 16%. All treatments groups with RA were significantly increased § from control cells. RA + Tamoxifen treated cells were significantly reduced* from RA-treated cells. § = p< 0.01* = p< 0.05. Legend: C: Control; RA: Retinoic Acid; C + E: E 2 -BSA; RA + E: Retinoic Acid + E 2 -BSA; C + T: Tamoxifen; RA + T: Retinoic Acid + Tamoxifen. Effect of E 2 -BSA on RA-induced CD11b (integrin receptor). CD11b expression in RA-treated cells remains largely unchanged with the addition of E 2 , with an average decrease of only 1%, but decreases by 7% with the addition of Tamoxifen to the RA treatment. All treatments groups with RA were significantly increased § from control cells. § = p< 0.01. Legend: C: Control; RA: Retinoic Acid; C + E: E 2 -BSA; RA + E: Retinoic Acid + E 2 -BSA; C + T: Tamoxifen; RA + T: Retinoic Acid + Tamoxifen. Effect of E 2 -BSA on RA-induced G1/0 arrest. In all treated groups, those with RA-treatment showed no significant difference, just as those without RA-treatment remained very similar. 
